Abstract. For the hypersonic vehicle nonlinear attitude mode in reentry process with a strong coupling, aerodynamic parameter perturbations and non-deterministic, combine extended state observer and nonlinear law state error feedback, design the hypersonic vehicle MIMO-ESO ADRC attitude controller. Put interference such as uncertainty, coupling and parameter perturbations as "the sum of interference" ,use the extended state observer to estimate and dynamic feedback compensation, use nonlinear law state error feedback to inhibit residual of compensation. ADRC controller is charged without a precise model of vehicle , and without precise perturbation boundaries of aerodynamic parameters.Simulation results show that the MIMO-ESO ADRC attitude controller can overcome the impact of largescale perturbations of interference and aerodynamic parameters, have good dynamic qualities and tracking capabilities, also have strong robustness.
Introduction
Hypersonic vehicle has important military significance. It has become a research hotspot in various countries in recent years [1] . The controller design has been more and more difficult due to the complex nonlinearity, the strong coupling between control channels and the uncertainties of aerodynamic parameters in the non-power re-entry process. In existing methods such as robust control [2, 3] and adaptive control [4, 5] , the linearized model of the controlled system contains complex high-order derivative function, which is not convenient for practical application of engineering. Sliding mode control [6, 7] compensates the influence of uncertainty by designing the virtual control quantity, but the sliding mode control is based on the upper bound of uncertainty and requires that its bound is known or the known function of the state variables, which is difficult to predict in practical applications.
The active disturbance rejection controller (ADRC) [8] is not dependent on the system model, but is a method that relies on the process error to eliminate the error. The extended state observer (ESO) estimates the "summation perturbation" to obtain the real-time effect amount of object model's internal and external disturbances, and with the real-time dynamic feedback compensation system is successfully linearized. In the meantime, nonlinear feedback control law (NLSEF) are used to suppress compensation residuals and improve control performance [9] . After more than ten years of development, ADRC technology has gradually matured. In 2013, Texas Instruments released a global motion control chip with ADRC as the core, further demonstrating the great potential of ADRC technology in engineering applications [10, 11] . In this paper, the MIMO-ESO auto disturbancerejection attitude controller is designed based on the nonlinear attitude model of the hypersonic vehicle's nonpower re-entry. Uncertain items, unmodeled dynamics, coupling effects, parameter perturbations, and interference influences are considered as "summation interferences." ESO are used for estimation and dynamic feedback compensation, and NLSEF is used to suppress the compensation residuals. Depending on the characteristics that the auto-disturbance rejection is not relying on the model, the problem of complex linearization model and sliding model control requires perturbation is successfully solved. Selecting parameters according to ESO stability conditions can obtain good dynamic quality and tracking performance, and can also overcome the influence of interference and aerodynamic parameters over a wide range of perturbations, and has strong robustness.
Hypersonic Vehicle Modeling
The non-power re-entry attitude model of a hypersonic vehicle is a nonlinear system with uncertain items as follows: parameter item. Its specific parameters are described in reference [12] . Different from ordinary low-speed vehicles, each aerodynamic parameter term is a function of angle of attack and Mach number, and contains uncertainties caused by perturbation of aerodynamic parameters, which enhances the coupling between channels and leads to more complex and difficult controller design.
Auto-Disturbance Rejection Control Technology Based on MIMO-ESO

MIMO-ESO ADRC design
For system (1), the design of the extended state observer ESO is the core of the entire auto-disturbance rejection controller. Each channel is a first-order system, so only the second-order extended state observer ESO needs to be reconstructed. The input matrix parameter B of the control variable  is related to the aerodynamic parameter. Although there are related parameters that can be referenced, it is not an exact value, so B takes the reference aerodynamic parameter as the nominal value 0 B .Since () f x also has parameter perturbations and uncertainties, it is replaced by () f . () f is the total uncertainty, including () f x and external environmental disturbances, unmodeled dynamics, coupling effects, and other disturbances.
Replace () gx with the estimated value 0 g , () f instead of () f x , the system (1) can be equivalent to:
The second-order ESO with the same structure and the same parameters is configured for the six channels of the system (2). The generalized second-order MIMO-ESO equation is: 
The nonlinear function fal( , , ) ea in the above formula is: UU  z (4) The system (2) is then dynamically linearized into a single-integral system: 0 U  x . It can be seen that after dynamic compensation, the six channels from control input 0 U to output x become parallel six single integrator systems, six channels are decoupled, and this dynamic feedback compensation is implemented using ESO without known () f and accurate parameter values. This method allows parametric perturbations, uncertainties, and interference effects, eliminating the need for accurate dynamic modelling of the body's attitude.
In order to quickly suppress the compensation residual, the control law uses a nonlinear state error feedback law (NLSEF) with a nonlinear (non-smooth) feedback effect to control the integral system. 
Stability Analysis and Error Analysis
System (1) 
Among them: (1 )
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Established by the above formula, can be set: Figure 1 shows the attack angle response curve, Figure 2 shows the slip angle response curve, and Figure 3 shows the tilt angle response curve. Among them, the solid line is the tracking curve under the standard parameters, the broken line is the tracking curve when the aerodynamic parameter is perturbed by 50%, and the dotted line is the tracking curve when the aerodynamic parameter is perturbed by -50%. The simulation results show that in the case of standard parameters, both the angle of attack and the angle of roll can track guidance command signal quickly and without overshooting, with good dynamic quality and high tracking accuracy, and the side slip angle satisfies the index   0.3°. The maximum rudder deflection angle of the vehicle is 10 degrees, and the maximum rudder deflection speed is 40 degrees/s. In the case of large perturbation of aerodynamic parameters, the three channels can also meet the stability requirements, and the control system still exhibits good stability and tracking performance, and has strong robustness.
4.Simulation analysis
Conclusion
In this paper, the MIMO-ESO auto disturbancerejection attitude controller for hypersonic vehicle is designed based on the nonlinear attitude model for hypersonic vehicles' re-entry and the extended state observer and nonlinear state error feedback law in auto disturbance rejection control. Simulations show that the control system can overcome the influence of disturbance and aerodynamic parameters over a wide range of perturbations, and it has strong robustness while obtaining good dynamic quality and tracking performance. Because the extended state observer estimates the uncertainties, unmodeled dynamics, coupling effects, parametric perturbations, and interference effects as "summation interference" and dynamically compensates for feedback, the nonlinear residual state error feedback law is used to suppress the compensation residuals. The design of the ADRC is not required to accurately control the model of the vehicle, and only a standard value or an estimated value is required for the aerodynamic parameters. It is not necessary to know the perturbation limits of the aerodynamic parameters either. It successfully overcomes the difficulties in establishing an accurate controlled model and obtaining the parameter perturbation range in actual projects. Therefore, it has great engineering application value.
